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Transcription has been linked to DNA damage. How
the most highly transcribed mammalian ribosomal
(rDNA) genes maintain genome integrity in the
absence of transcription-coupled DNA damage
repair is poorly understood. Here, we report that
ABH2/ALKBH2, a DNA alkylation repair enzyme, is
highly enriched in the nucleolus. ABH2 interacts
with DNA repair proteins Ku70 and Ku80 as well as
nucleolar proteins nucleolin, nucleophosmin 1, and
upstream binding factor (UBF). ABH2 associates
with and promotes rDNA transcription through its
DNA repair activity. ABH2 knockdown impairs rDNA
transcription and leads to increased single-stranded
and double-stranded DNA breaks that are more
pronounced in the rDNA genes, whereas ABH2 over-
expression protects cells from methyl-methanesul-
fonate-induced DNA damage and inhibition of rDNA
transcription. In response tomassive alkylation dam-
age, ABH2 rapidly redistributes from the nucleolus to
nucleoplasm. Our study thus reveals a critical role of
ABH2 in maintaining rDNA gene integrity and tran-
scription and provides insight into the ABH2 DNA
repair function.INTRODUCTION
Genomic DNA is under constant assault from endogenous
and environment DNA damage compounds, such as alkylating
agents that often result in mutagenic or genotoxic covalent
adducts (Drabløs et al., 2004; Sedgwick et al., 2007). The endog-
enous alkylating agents are thought to be products of normal
cellular metabolism, including the universal methyl donor
S-adenosylmethionine (Barrows and Magee, 1982; Ringvoll
et al., 2006; Rydberg and Lindahl, 1982; Sedgwick, 2004). It
was estimated that the endogenous chemical DNA methylation
is equivalent to an exposure of cells to 20 nM of methyl methane-sulfonate (MMS), a potent alkylating agent (Rydberg and Lindahl,
1982). A variety of mechanisms have been shown to repair these
cytotoxic and/or mutagenic damages, including base excision
repair (BER) initiated by DNA glycosylases, the suicidal methyl-
transferases that transfer the methyl group from DNA to the
enzyme itself, and direct oxidative demethylation by ABH/
ALKBH family proteins (Drabløs et al., 2004; Sedgwick et al.,
2007). The direct reversal of alkylation damage by oxidative
demethylation was first reported for the Escherichia coli AlkB
protein, an a-ketoglutarate-Fe(II)-dependent DNA dioxygenase
that repairs 1-alkyladenine and 3-alkylcytosine lesions by
coupling oxidative decarboxylation of a-ketoglutarate to the
hydroxylation of these methylated bases in DNA, resulting in
direct reversion to the unmodified base and the release of form-
aldehyde (Falnes et al., 2002; Trewick et al., 2002). In human,
nine AlkB homologs, ABH1–ABH8 and FTO, have been identified
(Aravind and Koonin, 2001; Bjørnstad et al., 2012; Drabløs et al.,
2004). ABH2 and ABH3 possess similar demethylase activity as
that of the AlkB protein, and their substrate specificity has been
extended to include all the lesions resulting from methylation at
the N1 position of purines and N3 position of pyrimidines (Aas
et al., 2003; Delaney et al., 2005; Lee et al., 2005). Biochemical
and mouse knockout studies have demonstrated a key role for
ABH2 in protecting the genome from alkylation damage (Ringvoll
et al., 2006).
Cumulative evidence indicates that transcription is also a
causal factor of DNA damage (Kim and Jinks-Robertson, 2012;
Lagerwerf et al., 2011). Early studies in bacteria revealed a pos-
itive correlation between mutation rate and level of transcription
(Kim et al., 2007). Similar results were also observed in yeast and
mammalian cells (Nickoloff, 1992; Reimers et al., 2004). In fact, a
recent study provides genomic evidence for elevated mutation
rates in highly expressed genes (Park et al., 2012). Multiple
mechanisms have been proposed to explain this phenomenon,
including transcription and replication collision and generation
of single-stranded DNA. In this regard, as N1 of adenine and
N3 of cytosine form hydrogen bonds in DNA duplex and thus
are protected from alkylation, 1-methyladenine (1-meA) and
3-methylcytosine (3-meC), the main alkylation lesions found in
cells, are induced only in single-stranded regions of DNA (Dra-
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lesions are therefore most likely to occur in vivo at transcription
bubbles and/or DNA replication forks. If left unrepaired, these
lesions will disrupt DNA replication and transcription and even-
tually lead to double-strand DNA breaks (Sedgwick, 2004). In
this regard, transcription-coupled repair serves as a mechanism
where RNA polymerase II machinery detects DNA lesions and
recruits nucleotide excision repair machinery to repair DNA
lesions encountered during transcription (Fousteri and Mullend-
ers, 2008; Hanawalt and Spivak, 2008). A dilemma is that,
whereas the tandem ribosomal DNA (rDNA) genes (400 copies
in a typical human cell) are unequivocally the most actively tran-
scribed genes in mammalian cells, accounting for up to 70% of
the total transcriptional activity in a highly proliferating mamma-
lian cell, transcription-coupled repair has not been observed for
mammalian rDNA genes that are transcribed by RNA polymer-
ase I (Christians and Hanawalt, 1993). Thus, how mammalian
cells deal with the transcription-prone alkylation damage in
rDNA genes is unclear.
In this study, we report a critical role for ABH2 in maintaining
rDNA gene integrity and transcription. ABH2 is highly enriched
in the nucleolus of mammalian cells, interacts with resident
nucleolar proteins nucleolin (NCL), nucleophosmin 1 (NPM1),
and upstream binding factor (UBF) and DNA repair proteins
Ku70/Ku80, and associates with the rDNA genes. ABH2 regu-
lates rDNA transcription in an enzymatic activity-dependent
manner, and knockdown of ABH2 leads to a substantial increase
of DNA damage, especially in rDNA genes, indicating an essen-
tial role for ABH2 in repairing endogenous alkylation DNA dam-
age for rDNA transcription and integrity.
RESULTS
ABH2 Is a Nucleolar Protein
To investigate whether ABH family proteins protect the highly
transcribed rDNA regions from alkylation damages, we per-
formed a screen to determine which ABH family members may
localize to the nucleolus. To this end, we expressed and
analyzed the subcellular localization of Flag-tagged mammalian
ABH1–ABH8 and FTO in HeLa cells. Among all mammalian ABH
proteins tested, only ABH2 was substantially enriched in the
nucleolus (Figure S1). Weak nucleolar enrichment was also
observed for ABH5 (Figure S1), but we focused our study on
ABH2 because DNA demethylation activity has not been re-
ported for ABH5, a very recently identified RNA demethylase
(Zheng et al., 2013). To examine the cellular distribution of
endogenous ABH2, we raised against the recombinant full-
length human ABH2 proteins an ABH2-specific polyclonal
antibody suitable for western blot, immunoprecipitation, and
immunofluorescence (Figures S2A and S2B). Immunofluores-
cence analysis using this antibody revealed a strong nucleolar
and a weak nucleoplasm-staining pattern for endogenous
ABH2 in HeLa cells (Figure 1A). The ABH2 nucleolar localization
was validated by its colocalization with the nucleolar resident
proteins NPM1, NCL, and UBF, respectively (Figure 1A). In addi-
tion, we fractionated HeLa whole cell extracts into cytoplasmic,
nuclear, and nucleoli fractions, and subsequent western blot
analysis revealed the enrichment of ABH2 in the nucleoli fraction,
much like NCL and NPM1 (Figure 1B). Furthermore, ABH2 nucle-818 Cell Reports 4, 817–829, August 29, 2013 ª2013 The Authorsolar localization was also observed in 293T, HCT116, and U2OS
cells (Figure S2C), indicating that ABH2 is generally enriched in
the nucleolus.
We next investigated the sequence determinant(s) for ABH2
nucleolar localization. Deletion analysis indicated that the N-ter-
minal region of amino acids (aa) 1–80 is sufficient for ABH2 nucle-
olar localization (Figure 1C). Deletion of the first 60 aa (60-C)
results in a nucleoplasm localization but a loss of nucleolar local-
ization (Figure 1C), indicating that the nucleolar localization signal
resides within the N-terminal 60 aa residues. Consistently,
sequence analysis using a published program identified a puta-
tive nucleolar localization sequence RKRPRR at aa38–aa43 of
ABH2 (Scott et al., 2010, 2011). Indeed, mutation of RKR to
AAA within this sequence impaired the nuclear and nucleolar
localization of ABH2 in HeLa cells (Figure 1C). When fused to
GFPandexpressed inHeLacells, this short peptidewassufficient
to targetGFPproteins to the nucleolus (Figure 1D), indicating that
this is a genuine nucleolar localization signal sequence.
Having established a nucleolar localization for ABH2, we next
examined if its nucleolar localization is dependent on DNA bind-
ing and/or association with ribosomal RNAs (rRNAs). Previous
studies indicate that inhibition of rDNA transcription by actino-
mycin D (Act D) would lead to disruption of nucleolus and, conse-
quently, a nuclear distribution of nucleolar proteins, such as NCL
(Mongelard and Bouvet, 2007; Schwab et al., 1998; Zirwes et al.,
2000). We found that Act D treatment resulted in nuclear
localization of both NCL and ABH2 (Figure 1E). In addition, treat-
ment of permeabilized cells with either DNase I or ribonuclease
(RNase) A led to redistribution of ABH2 in the entire nucleus
(Figure 1E), indicating that the ABH2 nucleolar localization is
dependent on its association with both DNA and RNA. As a con-
trol, both DNase I and RNase A treatment led to substantial
change of NCL localization (Figure 1G), consistent with the
data from previous studies (Zhang et al., 2004).
ABH2 Associates with Nucleolar Proteins NCL, NPM1,
and UBF
To better understand the potential function of ABH2 in nucleolus,
we next wished to identify ABH2-interacting proteins. We
expressed a Flag-tagged ABH2 in 293T cells by transient
transfection and carried out immune-affinity purification of
Flag-ABH2 and its associated proteins. The resulting protein
complexes were resolved in a 10% SDS-PAGE gel, and the
prominent protein bands revealed by silver stainingwere excised
andsubjected to tandemmass spectrometry analysis. In addition
to ABH2 itself, other identified proteins include heterogeneous
nuclear ribonucleoprotein (HnRNP), Y box binding protein 1
(YBX1), and nucleolar proteins NCL, Ku70, and Ku80 (see Table
S1 for peptide hits). Basedon theobservedABH2nucleolar local-
ization, we first focused our study on NCL, and the association of
HnRNP and YBX1 with Flag-ABH2 remained to be tested. By
immunoprecipitation and western blot analysis, we confirmed
the association of NCL with Flag-ABH2 (Figure 2B). In the same
experiments, we found that resident nucleolar proteins NPM1
and UBF were also coprecipitated with Flag-ABH2 (Figure 2B).
Consistent with a previous study, proliferating cell nuclear
antigen (PCNA) was found to associate with Flag-ABH2





Figure 1. The Nucleolus Localization of ABH2
(A) Immunostaining of HeLa cells using the ABH2-specific antibody reveals the typical nucleolus-like ABH2 localization. Coimmunostaining of HeLa cells with
ABH2 and nucleolar proteins NPM1, NCL, and UBF was performed, respectively.
(B) HeLa whole cell extracts were fractionated into cytoplasm (Cyt), nucleus, and nucleoli and analyzed by western blot using antibodies as indicated.
(C) Schematic illustration of the wild-type and various ABH2mutants. The asterisk represents a mutation. The subcellular localization in HeLa cells for each ABH2
protein was summarized. No, nucleolus; Np, nucleoplasm.
(D) The putative ABH2 nucleolus localization signal sequence (NoLs) RKRPRR is sufficient to target GFP proteins to nucleolus in HeLa cells. The ABH2 NoLs was
fused to the C-terminal of GFP.
(E) The HeLa cells were permeabilized and treated with or without DNase I or RNase A as indicated and then immunostained for ABH2. As a control, actinomycin
(Act D) is known to inhibit rRNA synthesis and disrupt the nucleolus.
See also Figures S1 and S2.





Figure 2. ABH2 Physically Associates with Nucleolus Proteins and DNA Repair Proteins Ku70/Ku80
(A) The silver staining gel showing the purified Flag-ABH2 and associated proteins. The protein identities of the indicated specific bandswere determined bymass
spectrometry. MW, molecular weight.
(B) The proteins copurified with Flag-ABH2 were analyzed by western blot analysis. IgG, rabbit anti-mouse immunoglobulin G.
(C) The reciprocal immunoprecipitation and western blot analysis of HeLa nuclear extracts.
(D) Recombinant ABH2 interacts with Ku70 in in vitro GST-pull-down.
(E) The colocalization of Ku70 with RFP-Lac-ABH2 but not the control RFP-Lac in DT40 CHO cells.
(F) Ectopic expression of GFP-Ku70 but not the control GFP changed the ABH2 localization from a predominant nucleolus to a nucleoplasm distribution. As a
control, no significant change was observed for NCL.
See also Figure S3.
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(cytosine-5-)-methyltransferase 1 (DNMT1) was not associated
with Flag-ABH2 (Figure 2B), thus demonstrating a specificity of
interaction. By reciprocal immunoprecipitation, we confirmed
the endogenous NCL and UBF in the HeLa nuclear extracts
were associated with ABH2 (Figure 2C). These interactions
were independent of DNA or RNA, because they were observed
even with the cellular extracts pretreated with either DNase I or
RNase A (Figure S3A). Furthermore, we demonstrated that
ectopically expressed Flag-ABH2 coimmunoprecipitated with
GFP-tagged NCL and UBF (Figure S3B) and that in vitro pull-
down assay glutathione S-transferase (GST)-ABH2 but not the
control GST interacted with UBF, NCL, and NPM1 (Figure S3C).
Together, these data indicate that ABH2 physically interacts
with multiple nucleolar proteins, including NCL, UBF, and NPM1.
ABH2 Associates with DNA Repair Proteins Ku70/Ku80
The Ku70/Ku80 heterodimer is a key component of the nonho-
mologous end-joining (NHEJ) pathway that repairs the majority
of double-stranded DNA breaks in cells (Gullo et al., 2006; Tuteja
and Tuteja, 2000). In NHEJ, Ku70/Ku80 binds the broken ends
and recruits other DNA repair proteins to facilitate the repair pro-
cess. The copurification of Ku70 and Ku80 with Flag-ABH2 sug-
gests an interaction between the Ku70/Ku80 heterodimer and
ABH2 and potential functional interplay between ABH2-medi-
ated DNA dealkylation and NHEJ. The copurification of Ku70
with Flag-ABH2 was confirmed by western blot analysis (Fig-
ure 2B). In addition, endogenous ABH2 coimmunoprecipitated
with Ku70 (Figure 2C) and ectopically expressed GFP-Ku70
coimmunoprecipitated with Flag-ABH2 (Figure S3B). The inter-
action between ABH2 and Ku70 is independent of DNA or RNA
(Figure S3A). Furthermore, purified recombinant 6xHis-Ku70
interacted with GST-ABH2 but not the control GST in vitro (Fig-
ure 2D), thus indicating a direct interaction between these two
proteins. To test if the interaction occurs in cells, we made use
of a Chinese hamster ovary (CHO) cell line, which contains a
large number of Lac operator sequences stably integrated in a
single chromosomal site (Stenoien et al., 2001). Expression of
control red fluorescent protein (RFP)-tagged Lac proteins or
RFP-Lac fused with ABH2 in these cells generated a bright focus
due to the binding of integrated Lac sequences by RFP-Lac-
fusion proteins. We observed colocalization of ectopically
expressed Flag-Ku70 with RFP-Lac-ABH2 but not the control
RFP-Lac (Figure 2F), indicating an ABH2-dependent interaction
with Ku70. Furthermore, overexpression of GFP-Ku70 in HeLa
cells resulted in relocation of ABH2 from the nucleolus to the
nucleoplasm (Figure 2F), most likely as a consequence of direct
interaction between Ku70 and ABH2. This effect seems to be
specific to ABH2, as under the same condition, NCL maintains
primarily a nucleolar localization (Figure 2F), suggesting that
ABH2 forms distinct protein complexes with Ku70 and NCL.
These cellular data are consistent with our biochemical data
and together demonstrate a physical interaction between
ABH2 and Ku70/Ku80.
ABH2 Regulates rDNA Transcription in an Enzymatic
Activity-Dependent Manner
The nucleolar localization and interaction with NCL, UBF, and
NPM1 raise the question of whether ABH2 regulates rDNAtranscription. In mammalian cells, each rRNA gene encodes a
long precursor RNA (45S pre-rRNA) that is processed and post-
transcriptionally modified to generatemature 18S, 5.8S, and 28S
rRNAs (Grummt and Langst, 2013). The sequences that encode
45S pre-rRNA are separated by long intergenic spacers (IGSs)
(Figure 3A, top panel). By chromatin immunoprecipitation
(ChIP) assays, we detected the association of ABH2 with both
coding and IGS regions (Figure 3A). As a positive control, ChIP
analysis confirmed the association of UBF with rDNA genes. In
fact, the pattern of rDNA binding for ABH2 is similar to that of
UBF, with enrichment of ABH2 at the promoter regionH42.9 (Fig-
ure 3A). In addition, ChIP analysis revealed an enrichment of
acetylated H3 in the H42.9 region, consistent with the observed
histone hyperacetylation in the promoter region of the actively
transcribed rDNA genes (Vintermist et al., 2011). Thus, consis-
tent with the observation that DNase I treatment results in a
loss of ABH2 nucleolar localization in Figure 1E, ChIP analysis
confirms association of ABH2 with rDNA genes.
As a pilot test to determine if ABH2 regulates rDNA transcrip-
tion, we carried out a luciferase reporter assay by cotransfecting
HeLa cells with a luciferase reporter driven by a human rDNA
promoter (pGL3-human ribosomal DNA [HrDNA]-internal ribo-
somal entry site [IRES]-Luc) and ABH2 (Ghoshal et al., 2004;
Gonugunta et al., 2011). This assay revealed that ABH2 stimu-
lated the transcriptional activity of rDNA promoter approximately
2-fold (Figure 3B). As positive controls, we found that cotrans-
fection of NPM1 or NCL also enhanced luciferase activity from
the reporter to a similar extent (Figure 3B). Interestingly, cotrans-
fection of Ku70 also led to transcriptional activation of the
reporter (Figure 3B). The expression of these proteins was veri-
fied by western blot analysis (Figure 3B, lower panel). These
reporter assays suggest that ABH2 positively regulates rDNA
transcription.
As a protein in the ABH family DNA repair dioxygenases, ABH2
is known to possess demethylation activity against the cytotoxic
1-meA and 3-meCDNA adducts. To test if its dioxygenase activ-
ity is required for its ability to promote rDNA transcription, we
generated a Glu 173 to Ala (D173A) mutant that is expected to
disrupt the binding of cofactor ferrous iron and thus inactivate
ABH2 catalytic activity (Lee et al., 2005). We confirmed by immu-
nostaining (Figure 1C) that the D173A mutant maintained a
nucleolar localization. In the luciferase reporter assays, we found
that the D173A mutant was not able to enhance transcription
from the rDNA luciferase reporter (Figure 3C). To test if ectopic
ABH2 regulates the endogenous rDNA genes, we transfected
293T cells with either wild-type ABH2 or D173A, and 2 days after
the transfection, the total RNAs were prepared and the levels
of 45S rRNA precursor were determined by RT-PCR analysis.
As shown in Figure 3D, ectopic expression of ABH2 led to a
2.5-fold increase of pre-rRNA, whereas ectopic expression of
D173A mutant only led to a marginal increase of pre-rRNA. We
thus conclude that ABH2 facilitates rDNA transcription primarily
in an enzymatic activity-dependent manner.
To investigate if the endogenous ABH2 regulates rDNA tran-
scription, we transfected HeLa cells with two different ABH2-
specific small hairpin RNAs (shRNAs) and the efficient ABH2
knockdown was confirmed by western blot analysis (Figure






Figure 3. ABH2 Associates with rDNA Genes and Regulates rDNA Transcription in a Dioxygenase Activity-Dependent Manner
(A) ChIP assay revealed the association of ABH2 with rDNA genes in HeLa cells. The diagram in the top panel illustrates the structure of mammalian rDNA genes
and regions analyzed byChIP. The ChIP data were shown as percentage of input. Also analyzedwere pol I transcription factor UBF and acetylated H3. Results are
shown as mean ± SEM (n = 3).
(B) ABH2-enhanced rDNA transcription in transient luciferase assay in 293T cells. The expression of ABH2 and other proteins were verified by western blot
analysis using anti-Flag antibody. Results are shown as mean ± SEM (n = 3).
(legend continued on next page)
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knockdown reduced the levels of 45S pre-rRNA (Figure 3E), sug-
gesting that ABH2 plays a housekeeping role in rDNA transcrip-
tion. To substantiate this important finding, we employed an
independent assay for rRNA synthesis. We transfected HeLa
cells with control small interfering RNA (siRNA) or two different
siRNAs against ABH2 and cultured the cells in the presence of
bromouridine triphosphate (BrUTP). As a nucleotide analog, bro-
mouridine (BrU) was incorporated into RNA during transcription
and its presence in RNA could be detected and quantified
by immunofluorescence using an anti-bromodeoxyuridine anti-
body. As rDNA transcription accounts for 60%–70% of total
transcription in culture cells and occurs in the limited number
of nucleoli, changes in BrU staining can be used to accurately
measure the changes in rDNA transcription (Haukenes et al.,
1997). As shown in Figure 3F, knockdown of ABH2 by siRNAs
led to reduced immunostaining of BrU in the dots (nucleolus).
Together, these data provide evidence that ABH2 is required
for optimal transcription of rDNA genes.
Knockdown of ABH2 Results in Increased Single- and
Double-Stranded Breaks and DNA Alkylation
As a dioxygenase that repairs DNA alkylation damage, we
reasoned that unrepaired alkylation damage as a result of
ABH2 knockdown would block DNA synthesis and transcription
and lead to single-stranded breaks (SSBs), which could be
subsequently converted to double-stranded breaks (DSBs). In
addition, in the absence of ABH2, it is likely that more alkylated
nucleotides would be repaired through BER pathway that is
accompanied with generation of SSBs. Poly(ADP-ribose) poly-
merase-1 (PARP1) is known to bind SSBs and subsequently
catalyzes addition of poly(ADP-ribose) (pADPr) on itself and
other nuclear substrates (Satoh and Lindahl, 1992; El-Khamisy
et al., 2003). To test if knockdown of ABH2 led to accumulation
of SSBs, we transfected HeLa cells with shRNAs against ABH2
and performed immunostaining for pADPr. As shown in Fig-
ure 4A, elevated levels of pADPr were clearly observed in
shABH2 but not control shRNA (pGIPZ vector) transfected
cells. Furthermore, western blot analysis confirmed increased
levels of pADPr-modified proteins from shABH2-transfected
HeLa cells (Figure 4B).
To examine if knockdown of ABH2 also led to generation of
DSBs, we performed immunostaining for phosphorylation of
H2A Ser139 (g-H2AX), a marker for DSBs (Rogakou et al.,
1998). Indeed, whereas very few cells were stained positively
for g-H2AX in control shRNA-transfected HeLa cells, themajority
of shABH2-transfected cells showed substantially increased
g-H2AX staining (Figures 4C and 4D), indicating that knockdown
of ABH2 led to significantly increased DSBs. We confirmed by(C) ABH2 but not the enzymatic-deficient D173A mutant-enhanced rDNA transc
D173A mutant were verified by western blot analysis. Results are shown as mea
(D) Overexpression of the wild-type but not D173A mutant in HeLa cells promote
rRNAwere determined by quantitative qRT-PCR. Results are shown as mean ± SE
blot analysis.
(E) Knockdown of ABH2 in HeLa cells impaired the rDNA transcription. ABH2 kn
rRNA were determined by qRT-PCR.
(F) Knockdown of ABH2 resulted in reduced rRNA synthesis as revealed by redu
ABH2-specific siRNA-1 or siRNA-2. The cells were cultured in the presence of BrU
for BrU.western blot analysis that knockdown of ABH2 in HeLa cells
led to increased levels of g-H2AX (Figure 4E). In addition,
ABH2 knockdown also led to increased levels of Ser824-
phosphorylated Kru¨ppel-associated box-associated protein 1
(KAP1) (Figure 4E), a recently identified marker for DSB repair
(Ziv et al., 2006). As a positive control for alkylation-induced
DSBs, treatment of HeLa cells with 1 mM potent alkylating agent
MMS for 4 hr led to substantial increases of both g-H2AX and
KAP1 Ser824 phosphorylation (Figure 4E).
To directly examine if ABH2 knockdown led to increased DNA
alkylation, we performed dot blot analysis of genomic DNA
prepared from cells transfected with the control vector or two
different shRNAs against ABH2 and cells treated with and
without MMS, using an anti-3-meC-specific antibody (Dango
et al., 2011). The representative results in Figure 4F show that
ABH2 knockdown consistently resulted in 2-fold increased
levels of 3meC (Figure 4F), confirming an active role for ABH2
in protecting genomic DNA from alkylation damage. As a positive
control, increased 3meC was also observed in DNA derived
from MMS-treated cells (Figure 4F). To validate this further, we
analyzed if ABH2 knockdownwould render HeLa cells more sen-
sitive to the cytotoxic effect of MMS. Indeed, we observed that,
upon knockdown of ABH2, HeLa cells exhibited an approxi-
mately 2-fold increased sensitivity toMMS treatment (Figure 4G).
Furthermore, ectopic expression of ABH2 but not the enzymatic-
deficient D173A mutant conferred HeLa cells 50% more
resistance to MMS treatment (Figure 4H), indicating that ABH2
protects genomic DNA from alkylation damages in an enzymatic
activity-dependent manner.
ABH2 Protects rDNA Genes from Alkylation DNA
Damage
As highly transcribed rDNA genes are more likely prone to DNA
alkylation damage due to the generation of single-stranded
DNA in transcription bubbles, we next tested the idea that
ABH2 plays an active role in protecting rDNA genes from DNA
alkylation damage. Because the anti-3-meC antibody does not
work in immunoprecipitation, we could not examine the DNA
alkylation status in rDNA genes by amethyl-DNA immunoprecip-
itation-like approach (Nair et al., 2011). We thus addressed this
issue by two indirect approaches. In the first approach, we
noticed from a previous study that MMS treatment inhibits
rDNA transcription (Schmitz et al., 2009) and therefore analyzed
whether ectopic expression of ABH2 would counteract MMS-
induced inhibition of rDNA transcription. We transfected HeLa
cells with or without ABH2 or D173Amutant and treated the cells
with or without 1mMMMS for 4 hr. The cells were then harvested
and expression of ectopic ABH2, the D173A mutant was verifiedription in transient luciferase assay in 293T cells. The expression of ABH2 and
n ± SEM (n = 3).
d transcriptional activation of endogenous rDNA genes. The levels of 45S pre-
M (n = 3). The expression of ABH2 and D173Amutant were verified by western
ockdown was verified by western blot analysis. The relative levels of 45S pre-
ced BrU incorporation. The HeLa cells were transfected with the scramble or
TP, and incorporation of BrU in the nucleolus was revealed by immunostaining
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Figure 5. ABH2 Protects rDNA Genes from
DNA Damage
(A) HeLa cells were transfected with the control
vector, ABH2, and D173A and treated without or
with 1 mMMMS for 4 hr. For each group, the level
of pre-rRNA transcription without MMS treatment
was set as 1. The levels of ectopic ABH2 and
D173A mutant and endogenous ABH2 were
shown by western blot in the left panel.
(B) The levels of g-H2AX, Ku70, and PARP1 in the
rDNA genes upon knockdown of ABH2 were as-
sessed by ChIP analysis. The GAPDH gene coding
region was also analyzed. Results are shown as
mean ± SEM (n = 3).
(C) The HeLa cells were treated with various
reagents to induce DNA damage, and double
immunostaining was performed for g-H2AX and
ABH2. The experimental conditions are as follows:
MMS, 1 mM for 1 hr; X-ray, 10 Gy; etoposide
100 mM for 4 hr; and Act D, 0.5 mg/ml for 4 hr.
See also Figure S4 and S5.bywestern blot (Figure 5A, left panel), and the rDNA transcription
was analyzed by RT-PCR (Figure 5A, right panel). Consistent
with the previous report, MMS inhibited rDNA transcription, pre-
sumably as a consequence of rDNA alkylation damage. Ectopic
expression of ABH2 counteracted the inhibitory effect of MMS
on rDNA transcription, whereas expression of the enzymatically
inactive D173Amutant enhanced the inhibitory effect, most likely
as a dominant negative effect. Together, these data support the
idea that ABH2 exhibits a protective role against DNA alkylation
in rDNA genes.
In the second approach, we analyzed if ABH2 knockdown
would lead to increased SSBs and DSBs in rDNA genes by
evaluating the levels of PARP1 and g-H2AX within the rDNA
genes. By ChIP assay, we found that knockdown of ABH2
led to increased association of PARP1 and increased levels ofFigure 4. ABH2 Repairs Endogenous and Exogenous DNA Alkylating Damage
(A) Knockdown of ABH2 in HeLa cells resulted in substantially increased SSBs, as revealed by immunostaining
shown are enlarged images of PADPr, DAPI, and their merge for the representative cells (a1 and a2).
(B) Knockdown of ABH2 led to increased pADPr modification of proteins.
(C) Knockdown of ABH2 in HeLa cells resulted in substantially increased DSBs, as revealed by g-H2AX imm
g-H2AX, DAPI, and their merge for the representative cells (c1 and c2).
(D) The quantitation of g-H2AX-positive cells in each shRNA transfected cell. Double asterisks indicate < 0.0
(E) The HeLa cells were transfected with shRNA as indicated or treated with or without 1 mMMMS for 4 hr. Th
using the antibodies as indicated.
(F) The genomic DNA samples prepared from HeLa cells treated as in (E) were analyzed for the levels of 3m
amounts of DNA are 1 mg, 0.5 mg, and 0.25 mg, respectively.
(G) Knockdown of ABH2 led to increased sensitivity to MMS treatment. The cells were treated with 2 mM M
(H) Ectopic expression of wild-type ABH2 but not the D173Amutant renderedHeLa cells more resistant to the c
control vector, ABH2, or D173A, the cells were treated without or with 0.5 mM, 1 mM, and 2 mM MMS for 4
Cell Reports 4, 817–829g-H2AX across the rDNA genes, espe-
cially at the promoter region H42.9
(Figure 5B, upper panel). Knockdown of
ABH2 also led to an increased Ku70
association with rDNA genes (Figure 5B,
middle panel). As a control, we analyzed
the highly transcribed pol II gene glycer-
aldehyde 3-phosphate dehydrogenase(GAPDH) and observed that knockdown of ABH2 did not lead
to a significant increase of g-H2AX, Ku70, and PARP1 in the
coding region of GAPDH. Together, these data demonstrate
that ABH2 knockdown results in increased SSBs and DSBs in
rDNA genes, presumably as a consequence of accumulated
DNA alkylation damage.
ABH2 Responds to DNA Alkylation Damage
As ABH2 is primarily a nucleolar protein under regular cell culture
conditions, we next examined how ABH2 responds to various
types of DNA damage. We exposed HeLa cells to MMS, X-ray
irradiation, the topoisomerase II inhibitor etoposide, and Act D.
Subsequent immunostaining analysis for g-H2AX revealed that
all these treatments led to substantially increased g-H2AX,
implying these treatments all led to generation of DSBs. Similarfor pADPr. pGIPZ, the shRNA vector control. Also
unostaining. Also shown are enlarged images of
01.
e whole cell extracts were prepared and analyzed
eC by dot blot using an anti-3meC antibody. The
MS for 4 hr.
ytotoxic effect of MMS. Upon transfection with the
hr.
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Figure 6. The Working Model that ABH2 Promotes rDNA Tran-
scription by Protecting rDNA Genes from DNA Alkylating Damage
The highly transcribed rDNA genes are accompanied by single-stranded DNA
in transcription bubbles. The single-strandedDNA is prone to endogenous and
exogenous alkylating damage. If left unrepaired, the alkylating lesions would
result in SSBs and DSBs. The enrichment of ABH2 in nucleolus and its asso-
ciation with rDNA genes allow it to efficiently repair alkylating lesions in rDNA
genes and thus protect the rDNA and genome integrity.
See also Figure S6.to MMS treatment, X-ray and etoposide treatment also inhibited
rDNA transcription and led to increased levels of g-H2AX in the
rDNA genes (Figure S4). Interestingly, coimmunostaining for
ABH2 revealed that, upon treatment with MMS, ABH2 under-
went a dramatic change of subcellular localization, from being
primarily nucleolar to a nucleoplasmic localization (Figure 5C).
Act D treatment also led to a similar redistribution of ABH2,
most likely due to disruption of nucleolus structure as a conse-
quence of rRNA synthesis inhibition. On the other hand, X-ray
and etoposide treatments did not appear to significantly affect
the ABH2 subcellular localization (Figure 5C), although pro-
longed X-ray (data not shown) and etoposide treatment did
lead to slightly increased nucleoplasm staining of ABH2 (Figures
S5A and S5B). These observations indicate that, in response to
global DNA alkylation damage induced by MMS, ABH2 proteins
move out from nucleolus and presumably repair the alkylation
damage lesions in genomic DNA.
DISCUSSION
ABH2 Protects rDNA Genes and Enhances rDNA
Transcription
In search for a mechanism(s) that protects the rDNA genes, the
most highly transcribed regions in the genome, from endoge-
nous and environment-alkylating DNA damage, we uncovered
ABH2 as a primary nucleolar protein (Figures S1 and 1). Nucle-
olar localization is likely a common characteristic of ABH2, as
it was observed for all of the mammalian cell lines we have
analyzed (Figure S2). In accordance with our data, ectopically826 Cell Reports 4, 817–829, August 29, 2013 ª2013 The Authorsexpressed ABH2 was previously observed to be enriched in
the nucleolus (Aas et al., 2003), although it was not shown
whether the endogenous ABH2 also localizes to the nucle-
olus. Consistent with the observed nucleolar localization, our
biochemical studies revealed a physical interaction between
ABH2 and resident nucleolar proteins, including NCL, UBF,
and NPM1 (Figures 2 and S3). Significantly, we demonstrated
that ABH2 associates with the rDNA genes and promotes
rDNA transcription in a dioxygenase activity-dependent manner
(Figure 3). Thus, our data support a working model in which
ABH2 facilitates rDNA transcription by repairing DNA alkylation
damage inflicted to the rDNA genes (Figure 6).
ABH2 was previously shown to be a major repair enzyme for
cytotoxic and genotoxic 1-meA and 3-meC alkylation damage
in genomic DNA (Ringvoll et al., 2006). Because 1-meA and
3-meC lesions occur in single-stranded but not double-stranded
DNA, such damages are more likely to occur in the highly tran-
scribed rDNA genes than other regions of the genome. If left
unrepaired, these lesions would severely impact DNA replication
and/or transcription, leading to generation of SSBs and DSBs
(Figures 4 and 5). In accordance with this idea, we show by
ChIP assay that knockdown of ABH2 led to increased associa-
tion of PARP1, a SSB sensor protein, with the rDNA genes. In
addition, we show by ChIP assay that knockdown of ABH2
led to increased association of Ku70 and increased levels of
g-H2AX in the rDNA genes. As a control, no significant changes
for PARP1, Ku70, and g-H2AX were observed for the Pol II gene
GAPDH (Figure 5B), indicating that, in the absence of ABH2,
SSBs and DSBs occur more frequently in the rDNA genes than
in highly transcribed Pol II genes, like GAPDH. Altogether, it is
tempting to suggest that, in the course of evolution, ABH2 gained
interaction with nucleolar proteins and association with rDNA
genes as amechanism to protect the rDNAgenes from transcrip-
tion-coupled alkylation damage.
Impaired ABH2 Activity Also Results in Globally
Increased SSBs and DSBs
Consistent with previous publication (Ringvoll et al., 2006), we
show that knockdown of ABH2 led to an increased level of
3-meC. Although ABH2 is enriched in the nucleolus and our tran-
scription and ChIP analyses have provided clear evidence for a
role of ABH2 in protecting rDNA genes and promoting rDNA tran-
scription, immunostaining analysis revealed a globally increased
pADPr and g-H2AX foci upon ABH2 knockdown, indicating a
globally increased SSBs andDSBs. In fact, the pADPr (Figure 4A)
and g-H2AX foci (Figure 4C) do not appear to be enriched in the
nucleolus (see also Figure S5D). We believe this is, in fact, due to
a much lower DNA density in the nucleolus and that, in size, the
rDNA genes only represent a very small fraction of the genome.
Nevertheless, our immunostaining analyses indicate that ABH2
plays a protective role, not only for highly transcribed rDNA
genes but also the rest of the genome. Consistent with this
idea, we observed that ABH2 proteins rapidly redistribute from
nucleolus to nucleoplasm in response to massive DNA alkylation
lesions induced by MMS treatment (Figure 5). It is noteworthy
that MMS treatment does not affect the general organization of
nucleolus, because, under the same condition, the nucleolar
localization is maintained for NCL (Figure S5C).
Our study reveals an important housekeeping role for ABH2
in suppressing the occurrence of SSBs and DSBs through its
direct repair of alkylation damages. The increased SSBs as a
result of impaired ABH2 function could be the consequence
of blockage of DNA replication by accumulated alkylation
lesions and/or increased repair of alkylation lesions by alterna-
tive DNA repair pathways, such as BER. Although DNA alkyla-
tion lesions are unlikely to generate DSBs directly, their com-
pound effect on blockage of DNA replication and increased
BER could be a mechanism for generation of DSBs observed
in our study.
ABH2 Interacts with Ku70
Another interesting finding in our study is the interaction between
ABH2 and Ku70/Ku80. Ku70 and Ku80 are the key proteins in the
NHEJ repair pathway (Gullo et al., 2006; Tuteja and Tuteja, 2000).
Ku70 and Ku80 form heterodimers and bind the ends of DSBs.
The binding of free DNA ends by Ku70/Ku80 initiates the recruit-
ment of additional repair proteins, such as XRCC4 and DNA
ligase IV, required for NHEJ. The interaction between ABH2
and Ku70/Ku80 is supported by multiple lines of evidence,
including copurification (Figure 2A), reciprocal immunoprecipita-
tion (IP) (Figure 2C), in vitro interaction (Figure 2D), and colocal-
ization in cells (Figure 2E). The physical interaction between
ABH2 and Ku70/Ku80 raises the question of whether Ku70/
Ku80 modulates ABH2 activity. By an in vitro ABH2 demethyla-
tion assay, we observed that addition of recombinant Ku70 did
not obviously affect the 3-meC demethylation activity of ABH2
(Figure S6). Our attempts to assess the effect of Ku70 on
ABH2 activity in cells were hindered by the lack of a sensitive
ABH2 activity assay. Thus, whereas we have presented compel-
ling evidence that Ku70 interacts with ABH2, the functional
significance of this interaction remains to be determined. We
speculate that the physical association between ABH2 and
Ku70/Ku80 may help mobilize ABH2 to DSBs to remove alkyl-
ation damage and thus facilitate the DNA repair process. Alter-
natively, the physical association between ABH2 and Ku70/
Ku80 may allow Ku70/Ku80 to sense the potential sites of
DSBs through recognition of alkylation damages by ABH2. A
recent structural study indicates that ABH2 recognizes alkylation
lesions by probing the DNA base pair stability (Yi et al., 2012).
Accordingly, ABH2 is able to sense various types of lesions but
can only repair some of the lesions. Thus, the lesions that are
recognized but cannot be directly repaired by ABH2 would
most likely result in single-stranded and eventually double-
stranded breaks. In this scenario, the complex of ABH2 and
Ku70 could allow ABH2 to serve as a DNA damage sensor
to mobilize Ku70 to potential DSB sites. Such a coupling could
be significant for maintaining the integrity of rDNA genes,
which are more prone to alkylation damage and yet lack tran-
scription-coupled nucleotide excision repair (Christians and
Hanawalt, 1993).
Although less well studied compared tomost other DNA repair
enzymes, recent studies indicate that the ABH family pro-
teins have important biological and pathological function. For
example, ABH3/ALKBH3 was shown recently to repair DNA
alkylation damage together with a DNA helicase ASCC3 and
play a role in cancer cell proliferation (Dango et al., 2011). In addi-tion, ABH5/ALKBH5 was reported to function as a RNA deme-
thylase that impacts RNA metabolism and fertility by catalyzing
demethylation of 6-meA in messenger RNA (Zheng et al.,
2013). The study here reveals enrichment of ABH2 in the nucle-
olus and a role in genome protection, especially the highly tran-
scribed rDNA genes, and thus provides insight into the diverse
function of ABH family proteins.
EXPERIMENTAL PROCEDURES
Plasmids, Antibodies, and Primers
All complementary DNAs encoding human ABH family proteins and Ku70were
isolated by RT-PCR, cloned into pcDNA3.1-Flag, and verified by sequencing.
For GST pull-down and antigen production, full-length ABH2 was cloned into
pGEX-4T-1. All ABH2 mutations were generated by PCR-mediated site-
directed mutagenesis. Lentiviral shRNA constructs for ABH2 (V3LHS_381282
and V3LHS_381281) were obtained fromOpen Biosystems/Thermo Scientific.
Human NPM1, NCL, and UBF expression constructs were as described (Cong
et al., 2012).
Rabbit anti-ABH2 was produced by our laboratory using the GST-tagged
antigens. The anti-3-meC antibody was a kind gift from Dr. Yang Shi. Other
antibodies used included ABH2 (AbMART), PARP1 (Abcam), pADPr (Abcam),
DNMT1 (AbMART), Flag (Sigma), GFP (AbMART), g-H2AX (Epitomics), PCNA
(Epitomics), UBF (Santa Cruz Biotechnology), and Ku70 (Santa Cruz).
The sequences for primers used for RT-PCR, ChIP, and siRNAs are listed in
Table S2.
Purification of Flag-ABH2-Associated Proteins and Mass
Spectrometry Analysis
The purification of Flag-ABH2-associated proteins was performed by using
whole cell extracts derived from Flag-ABH2 transfected and not transfected
control 293T cells and anti-Flag M2 beads according to manufacturer’s
instruction. The purified proteins were resolved with an 8% SDS-PAGE, and
the indicated bands revealed by silver staining were subjected to mass spec-
trometry analysis using Finnigan LTQ XL (Thermo Fisher Scientific) by Mass
Core Facility in JiaoTong University.
Cell Culture, Transient Transfection, Lentiviral Transduction,
RT-PCR Analysis, and Luciferase Assay
293T, HeLa, and U2OS cells were routinelymaintainedwith regular Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (Gibco).
Transient transfections of 293T, HeLa, and U2OS cells with plasmid and ABH2
siRNA were carried out using Lipofectamine 2000 (Invitrogen) essentially,
according to manufacturer’s instruction. Lentiviral particles and cell transduc-
tion were performed as described (Moore et al., 2010). RT-PCR analysis was
performed essentially as described (Cong et al., 2012).
For luciferase assays, HeLa cells were transfected using 500 ng of pGL3-
HrDNA-IRES-luciferase reporter, 1 ng pTK-Renilla luciferase plasmid, and
200 ng of NPM1, NCL, Ku70, wild-type ABH2, or various ABH2 mutants,
respectively. Luciferase assays were performed 36–48 hr after transfection
using a luciferase assay kit (Promega) according to instruction. Each transfec-
tion was carried out in 12 well plates in triplicate and normalized with Renilla
luciferase activity.
Immunofluorescence Staining and In Situ Immunolabeling
of Nascent rRNA Transcripts
Immunostaining for various proteins were performed essentially as described
using antibodies as indicated (Liu et al., 2013).
For examining the role of DNA and RNA on the nucleolar localization of
ABH2, the fixation of cells was achieved with absolute methanol cells. Prior
to block with 5% BSA, cells were treated with 100 mg/ml RNase A or 40 U
DNase I.
For analyzing nascent rRNA transcripts by BrU incorporation, BrUTP was
added to culture medium for 30 min and subsequent immunostaining was
performed as described (Haukenes et al., 1997).Cell Reports 4, 817–829, August 29, 2013 ª2013 The Authors 827
Isolation of Nucleoli
Cellular fractionation of nucleoli from HeLa cells was performed as described
(Hacot et al., 2010).
Coimmunoprecipitation, GST Pull-Down, and Chromatin
Immunoprecipitation Assay
For coimmunoprecipitation, 293T cells were transfected with Flag-ABH2 and
GFP-tagged Ku70, NCL, UBF, or NPM1, respectively. The IP-western ana-
lyses were then carried out using the whole cell extracts and different anti-
bodies, as indicated. For GST pull-down experiments, recombinant full-length
6xHis-Ku70, GST-ABH2, or GST protein purified from E. coli. Pull-downs were
performed with either purified proteins or 35S-methionine-labeled NCL, NPM1,
UBF, and Ku70 synthesized in vitro using the TNT coupled reticulocyte lysate
system (Promega). After extensive washing, the bound proteins were boiled
in 1X SDS loading buffer and analyzed by SDS-PAGE followed by
autoradiography.
The chromatin immunoprecipitation assay was performed essentially as
described (Cong et al., 2012). Primer sequences are available in Table S2.
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